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19. ABSTRACT (Continued)

undisturbed DIRECT COURSE cores had higher void ratios (indicated bv lower
sample densities) and neither material showed signs of achieving full satura-
tion during the tests. Material behavior is therefore critically dependent

! on dry density and air voids within pressure regimes tested, and these factors
should be evaluated before selection of material properties for modeling.
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SUMMARY

The testing program revealed significant differences in the mechanical
behavior between remolded and undisturbed alluvial soils. The specified
remolding procedure resulted in higher water saturations, apparently causing
the remolded specimens to become fully saturated at volumetric strains of 15-
20%. Consequently, remolded strengths tended to be low, and post-saturation
stiffnesses were nigh. The undisturbed specimens did not become fully satur-
ated and therefore had larger strengths than the remolded materials, although
they displayed greater variability.

The results of the cycled hydrostatic compression tests show notably
different strain behavior between the remolded and undisturbed samples. Above
100 MPa confining pressure, the remolded samples consistently had much stiffer
responses than the undisturbed samples. The remolded specimens nhad similar
densities and moisture contents and likewise exhibited similar compaction
properties thnrough the entire range of confining stresses. The undisturbed
specimens exhibited a wide Eange of volumetric strains during hydrostatic
loading.

In the uniaxial strain tests, plots of tnhe principal stress difference
versus the mean normal stress indicate that the maximum stress difference is
generally attained during the first cycle to 50 MPa confining pressure for the
remolded samples, at which point full saturation apparently occurs. In all
subsequent cycles, the loading slopes are generally shallower and the maximum
stress differences are sligntly smaller than the first loading. The fact tnat
subsequent maximum 3stress differences are approximately the same level prob-
ably is an indication that the effective stress is unchanging once the sample
reaches full saturation. The undisturbed samples typically have lower mois-~
ture contents and continually support larger deviatoric straesses during cyc-
ling to nigher confining pressures,

Results of the triaxial compression tests indicate tnaS tne 3near
3trength of the remolded alluvium is not significantly affected by an incraase
in the confining pressur=2 after tne samples approach full 3iturition and tae

2ffective stress becomes neirly constant.
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The undisturbed samples are significantly stronger tnan tne remolded
samples. At confining stresses of 50 and 100 MPa, the yield strengtns are
quite comparable between the UDC and UWS samples, but at 200 MPa confining
stress, there are major differences in tne strengtha. The singzle UDC sample
tested at 200 MPa confining stress appears to be abnormally weak compared t>
the tests at 50 and 100 MPa, and the results should probably be discounted.
The two UWS specimens tested at 200 MPa did not actually fail nefore the
limits of the axial strain transducers were reached.

The strain path tests were performed in a relatively low stress regime
compared to the conventional mechanical tests. Results of the strain path
tests show an overall qualitative similarity among the four material types.
Within the material groups, the 3tresses and strains were quantitatively
similar as well. In general, the NV sand tends to nave a stiffer response
than tne other three materials. Also, the UDC was found to be stiffer than
the RDC and is similar to the UWS material.

Particular difficulties were encountered in completing strain patns 2A
and 2B. In all type 2 strain path tests, samples encountered a region where
it was not physically possible for the test materials to follow the strain
paths since they required the specimens to rebound from unloading to a degree
which they could not. This may indicate that the calculation of the strain
path was based on an untenable material model, that the empirical data from
field tests used for constructing the paths may have been sudject to measure-
ment error, or that these materials differ significantly from the materials on

which the strain path was based.
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CONVERSION FACTORS AND EQUIVALENT UNITS FOR S
METRIC (SI) TO U.S. CUSTOMARY UNITS OF MEASUREMENT :

oy
1'.{ ¢ "

Wy

Multiply + by —+ To Get
To Get by Divide

meter 39.370 inch BN
Kiln pascal 0.145 pound-f‘orce/inch2

Kilogram/meter‘3 62.143x10_3 pound~mass/inch3

1 meter 1 X 103 millimeter

39.370 inch -

1 Kilo pascal -1 x 1073 Mega pascal 2 !

0.145 pound-force/inch

1 Kilogram/meter3 -1 x 1073 gram/centimeter3 = 62.43x10”3 pound-mass/inch3 e
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SECTION !
INTRODUCTION

This report documents tne results of a laboratory test program tnat was
performed for the Defense Nuclear Agency under the general direction of the
U.S. Army Engineer Waterways Experiment Station (WES). The purpose of tne
testing program was to assist in characterizing tne mecnanical properties of
allavium similar to that found at Nellis Air Force Range, Nevada, Luke Bomding
and Gunnery Range, Arizona, and White Sands Missile Range, New Mexico.

Material descriptions, test procedures, and results are diszussed in
subsequent sections of this report. The testing program consisted of cycled
hydrostatic compression, cycled uniaxial strain, triaxial compression, and

strain path tests.
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SECTION 2
MATERIAL DESCRIPIIONS

Four soil types, consisting of both processed soils and undisturbed core,
were aupplied by WES for the test program. The materials were: processed
Nellis Baseline sand, which is a mixture of soils gathered throughout Ralston
Vailey, Nevada, tnat was dlended Dy personnel of the WES Geomechanics Division
such that its gradation would be similar to that encountered in the southeast-
ern part of tne valiey Jithin tne Nellis Air Force Range; undisturbed 30il
cores from the DIRECT COURSE test site at the White Sands Missile Range; and
both processed so2ils and undisturbed soil cores from the CARES-Dry test site
at tne Luke Bcmbing and Gunnery Range.

Soil <classification and index tests were conducted by personnel of tne
NES Geotecanical Laboratory to determine grain size distributions, Atterbderg
limits, and specilic gravities, Standard and modified compaction tests Jere
1150 performed on the processed Nellis Baseline and CARES-Dry sand samples.
This information was used Dy WES to clasaify the materials according to> tne
Unified Soil Classification System (USCS).

Tne Nellis Baseline sand mixture i3 classified as a brown, well graded,
clayey sand (SW-SC) that contains about 10 percent fines (clay and s3ilt) oy
weizht. The particle size distribution is presented in Figure 1. Standard
Proctor compaction tests indicated a maximum dry density of about 1,87 g/cm3
at an optimum water content of about 12 percent. Modified Proctor compaction
test results indicated a maximum dry density of about 1.99 g/cm3 at an optimum

water content of about 9.1 per‘cent.1

The specific gravity and Atterberg
limits are given in Table 1.

The processed CARES-Dry sand is c¢lassified as a brown clayey siand {3C)
that contains about 33 percent fines by weight. The particle size distribution
is shown in Figure 2. The results of the standard Proctor compaction tests
indicated a maximum dry density of about 1.95 g/cm3 at an optimum water con-
tent of about 11.6 percent, and modified Proctor compaction test resilts

indicated a maximum dry density of about 2,11 g/cm3 at an optinum water con-

1. J.D. Cargile, 1986, "Laboratory Test Results for Nellis Baseline Sand,"
Technical Report SL-86-15, September 1986, U.S. Army Engineer Wabterwiys
cxperiment Station, Vicksburyg, MS, p. 10.
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Particle size distribution curve for the processed Nellis
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Baseline sand, Nellis Air Force Range, Nevada (J.D. Cargile,
1986; reference 1).
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Figure 2.

Particle size distribution curve for the processed CARES-
Ory sand, Luke Bombing and Gunnery Range, Arizona (J.D.
Cargile, 1986; reference 2).
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Table 1. Specific gravity and Atterberg limits for remolded Nellis oA

Baseline sand, remolded and undisturbed CARES-Dry sand and K

{ undisturbed DIRECT COURSE sand. S,
=

1 ] Liquid [ Plastic | Plasticity P
Specific Gravity | Limit Limit Index USCS Iala
Sand of Soil Solids | (LL) (PL) (PI) Classification 8

LS

Nv! 2.62 22 14 8 SW/SC O

--'-\

RDCZ 2.67 36 17 19 sC N

. - )

unc? 2.68 37 16 21 sc .

: -
) uws3 2.81 27 16 1 SC/CL o
f.:-'.

w

NV - - Remolded Nellis Baseline Sand e
RDC - Remolded CARES-Dry Sand Rt

UDC - Undisturbed CARES-Dry Sand .

UWS - Undisturbed DIRECT COURSE Sand :{:{
S
:;\-1

Y
g
"t
=N

=~
L
1. Cargile, J.D., 1986, "Laboratory Test Results for Nellis Baseline Sand," ‘;":
Technical Report SL-86-15, September 1986, U.S. Army Engineer Waterways g :

Experiment Station, Vicksburg, MS, p. 10.

2. Cargile, J.D., 1936, "Geotechnical Investigation for the CARES-Dry Site:
Laboratory Test Results," Tecnhnical Report LS-86-16, Report 2, September
1986, U.S. Army Engineer Waterways Experiment Station, Vicksourg, MS3,

p. 18-19, 32.

3. Pnhillips, B.R., 1986, "Geotechnical Investization for DIRECT COURSE and
Related Events: Laboratory Test Results,”" Technical Report SL-86-18,
Report 2, September 1986, U.S. Army Engineer Waterways Experiment Station,

Vicksburg, MS, p. 11-13.

!
_‘Fs‘le A

s

A

LI P
1
A, 1,
/ ]

-
.
U ‘\1...

5




tent of about 7.9 per‘cent.2

The specific gravity and Atterberg limits are
gZiven in Table 1.

The undisturbed CARES-Dry material is predominantly a variably cemented
brown clayey sand (SC) with a trace of small gravel. The specific gravity and
Atterberg limits are given in Table t. Soil gradation data and in-situ water
contents are given in Reference 2.

The DIRECT COURSE undisturbed soils are predominantly clayey sands and
sandy clays interbedded w~ith areas containing a gypsum cement. Water contents
range from 1.3 to 35.5 percent. The variability in moisture content may be
attributed to tne stratified nature of the subsurface soils, with different
layers being of different permeadiliity and containing varying amounts of sand,
clay and gypsum cement.3 The particle size distribution is shown in Figure

3. The specific gravity and Atterberg limits are given in Table 1.

2. Cargile, J.D., 1986, "Geotechnical Investigation for the CARES-Dry Site:
Laboratory Test Results,” Technical Report SL-86-16, Report 2, September
1986, U.S. Army Engineer Waterways Experiment Station, Vicksburgz, MS, p. 7.

3. Phillips, 8.R., 1986, "Geotechnical Investigation for DIRECT ZOURSE and
Related Events: Laboratory Test Results," Tecnnical Report SL-86-18, Report
2, September 1986, (.S. Army Engineer Waterways Experiment Station, Vicks-
burg, M§, p. 11-13,
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SECTION 3 DX
SAMPLE PREPARATION v
3
Test materials were shipped to Terra Tek in numbered boxes. Undisturoed k&;f

cores were capped with two wood disks ("packers") and jacketed in a thin (0.3 i

mm) rubber membrane. The cores were additionally wrapped in aluminum foil and :i:;

labeled with a sample number. Appendix A outlines the nandling procedures for :25:

the undisturbed cores. Appendix B lists the box, sample and boring numbers, :5:

and the depth interval of each undisturbed specimen used in the test prozram. ?:'

Processed soils for remolding were shipped in large batcnes and identi- ﬁ;ﬁs
fied by the sampling site. Samples were prepared by forming the loose s>ils féﬂ*
into right circular cylinders in a rigid wall consolidometer {(uniaxial compac- ;:E

tion). All remolded samples had a target density of 1.90 g/cm3 and a target b

moisture content of 6% (by dry weight), specified by WES. Water was added to }?;k

the soils as necessary during casting (remolding) to achieve tne desired 1;;:'

moisture content. Sample density was determined from geometrical and mass :iiz,

measurements, and moisture content was determined following testing as tne RS
ratio of tne weignht of water lost by oven drying to the dry weight of tne

sample. The initial density of the test specimen, post-test moisture content )

and the maximum axial stress applied during preparation is given on corre- {:\

sponding plots of the test data. ;{Q
All of the remolded samples were lightly sprayed with a thin coating of a L
wax-like material to protect the integrity of the sample surface during hand- ;;i}
ling. Some of the poorer undisturbed specimens with large voids along tne jiﬂ;
surfaces were patcned with epoxy to prevent jacket failure during testing. :E$§
‘.

s




SECTION 4
TEST PROCEDURES

4.1 GENERAL.

All conventional mechanical tests were performed with two servo control-
led nydraulic test frames using a lignt refined oil inside the pressure vessel
as a confining fluid. Strain path tests were performed with a computer con-
trolled hydraulic test frame.

The prepared samples were placed between hardened steel endcaps and were
Jjacketed with a3 double layer wrap of polyurethane to prevent intrusion of tne
confining fluid into the sample pore spaces. The total thirkness of tne
polyurethane wrap was 0.5 am, The 3specimens Jere then instrumented with
3train transducers which measured axial strain and radial strain in two ortno-
gonal directions. Specimens were deviatorically loaded ~ith an axial strain
rate of 1.25x10—u/second for the conventional mechanical %ests and it 1.00x
10'5/second for the strain path tests. Continuous analiog data (X-Y recorder)

and digital data were collected throughout each test.

4,2 CONVENTIONAL MECHANICAL TESTS.

Conventional mechanical tests consisted of cycled hydrostatic compres-
sion, cycled uniaxial strain, and triaxial compression tests. For tne cyclad
hydrostatic compression tests, undrained specimens were subjected to increas-
ing and decreasing confining pressure while changes in the specimens' n=aignt
and diameter were medasured. For most tests, the confining pressure was suc-
cessively cycled to 50, 100, 200, and 400 MPa, and back to zero 3tress follow-
ing each pressurization. The nydrostatic loading rate for all cycied tests
wa3d approximat=ly 0.75 MPa’/second.

In the cyoled uniiaxiial strain tests, andrained specimens were cy2led to
zero 3treas from peak confining preasures of 50, 100, 200 and 400 MPa. An
axial lnad was applied and constantly increased while the confining stress was
continuously idjusted during the aycles to maintain zero radial strain, Tive
tests were ay2led only Lo 200 MPa confining pressuare due to tne 1imits of the
test frame pregsure vessel, and one test wsa3 only ey-led to 100 MPa due %0 a
janrket failure, Those tests are indicated in Table 6 (3ee foobnotes 1 and b,
Triaxial compres3ion test spenimens were bested undrained ind sibjeoted

to a constant nydrostati~ confining pressare of eitner 59, 100, 200, »r 402
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MPa, After tne degired confining pressure w~as athained, a deviatn~l> 3tr-2s53
was applied until either the speoimen falled or tne Limits > Lae strain

transducers were exceeded. Table 7 identifies tae specitmens £1at fai.21 and
those that r~ached the limits of the strain transducers {(se» foobtrntes 1 and

b).

4.3 STRAIN PATH TESTS.

The strain paths were Jdegizned Lo represent strain nistories experienced
by so0il elements undergoing explosinon induced gZround motions, Tne Lesning
apparatus used for tne 3train pata tests was a1 ~ampubter controlled brlaxial
loading frame w~ith a pressure vessel limnit of 100 MPa. A Dizital EHgilipment
Computer (DEC) PDP MINC 11 was iaterfaced to the triaxiil lnading frame for
controlling the axial and confining pressures. During testing, tne s3ampLe 443
strained Dby continuous adjustment of the confining and Jdeviatorin stresses,
The cnanges in 3treas required to go from one point on tne 3train path %o tne
next were calculated by the compuber using the generalized Hooke2'3 [aa.

Two 3train paths were investigatel, identified a3 patns 2 ind 3, =4ch
having two levels of strain magnitcude. Fatn 2 repregsents deep far-i~1 31n1
path 3 deep near-fisld s3stress conditions (n the viecinity of 3 duaried 2ign-

axplosiva test., A total of four sterain patns were followed and are | ien

T

|

a3 the 2A, 2B, 3A and 3C paths. Strain path 23 ({3 a replicate of 24 oubt «.th

tWwice tne strain magnitudes., Similarly, strain path 3C i3 a repli~it~ 27 34
but W~ith tnree times tne strain magnitudes.

The strain patns wWere mode.ad by piece-Wwise continuous Linear selments,
Figurea U4-7 3now the piece-4ise continuous segments forming strain paths 24,
2B, 3A and 3C, respectively. Twenty-three segment3 Wer= usel Lo mod2. 3t°ain
paths 2A and 2B. Taoie 2 li3vs tne axiil and radiil strains for 2400 segment
of patns 2A and 2B. Ten segment3 were uged Lo model 3brain patias A and 37,
ani Tadie 3 1i3%t3 tne axial and radial striains for 242n segnent 0f L-ain
patihs 3A and 3C. In botn tanl=y, 20mpressinon 13 posisive ind =xrins.oon 13

negative,

4.4 ZRT MATRIX.
The number of tests hthabt were performed 1nd the nominal 5234 3pe~inen

3{zes for 24ch material and test type are Ziven in Tadble 4, Tae resalyus of

those La3t3 are Ji3~u3sed [0 tne following se~tions,
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Table 2. Strain path 2 (deep far-field conditions) axial and
radial strain segments (strains are given in milli-
strainst%),

PATH 2A PATH 2B
Segment EA ET A ET
1 5.070 -0.04952 10.14 ~0.09905
2 7.559 -0.22480 15.12 ~-0.4495
3 10.050 -0. 40760 2¢.10 -0.8152
4 12.550 -0.62860 25.10 -1.2570
5 15.040 -0.93330 30.08 -1.867
6 17.540 -1.3450 35.08 ~2.690
7 20.020 -1.8020 40.03 ~3.604
8 22.510 -2.4190 45,01 ~4.838
9 24.970 -3.280 49.94 -6.560
10 25.170 -3.349 50.33 ~6.097
11 25.330 -3.448 50.67 -6.895
12 25.560 -3.539 51.11 -7.078
13 25.750 -3.699 51.50 -7.398
14 25.950 -3.935 51.89 -7.870
15 25.750 -4.194 51.50 -8.389
16 25.560 -4.,331 51.11 -8.063
7 25.330 -4,499 50.67 -8.998
18 25.140 -4.,590 50.28 -9.131
13 24.940 -4.690 49.89 -9.379
20 22.4u0 -5.737 44,88 -11.570
21 20.230 -5, 495 49,45 -12.990
22 12.410 ~2.541 24.81 -5.082
23 21.720 -7.265 43,45 -14.530

*Compression is positive,

€, - Axial Strain
€. - Radial Strain

T

10

expansion i3 negative.
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Table 3. Strain path 3 (deep near-field conditions) axial and
radial strain segments (strains are given in milli-
strains*).

PATH 3A PATH 3C

Segment EA eT € € e

1 5.034 -0.2348 15.10 -0.7045 S
7.556 -0.3788 22.67 -1.136 e
10.03 -0.6667 30.09 -2.000
10.54 -0.7652 31.61 -2.295 E{Q
11.03 -0.9773 33.10 -2.932 o
12,04 -1.886 36.11 -5.659 R
15.00 -4,992 44,99 -14.980
17.38 -7.311 52.13 -21.930 S
19.92 -10.000 59.75 -30.000 i
17.36 -8.667 52.07 -26.000 o

U = W o

O W X N9 O

¥Compression is positive, expansion is negative. v -
e, - Axial Strain s

e - Radial Strain e
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SECTION 5
TEST RESULTS

5.1 GENERAL.
The test results are [llustrated by a series of d4ta plots that follow
tne appendices and are discussed in subsequent sgections., The conventional

mecnaninal tests are discuszed first, followed by tne strain pata tests.

5.2 CYCLED HYDROSTATIC COMPRESSIION TESTS.

The cyeled nydrostalic compression test Jaba are presgented a3 21953 of
confining pressure versus volamebric 3train in Plates 1-13% and tne ~es1l%3 are
summarized [n Tapble 5. Tne volumetric 3train Wwis 2il-ulated from axiig and

radial strain data oy the following equation:
dv 2 2
v

= 2z 0+ £, - & ~ 28,8, * £ €

T A T T A T A

Anere:  dV/V fractional decrsease in voluame

L]

e = 3axial strain

€. = radial strain

Adaizionally, the 3lope of tne conflaing pre33ure 20343 7). aman~i~ 3.73iA
curve i3 the bulk modulus. Tne LILK modall are 7eporteasy in Taola 3,

Plates 1-3, 4-5, 7-3 and 3-11 are tne reapeative 2oty 2F Ena songl e

Nellis 3Baseline sand (NV), remolded JARE3=D~y 3ini (3D .,
Dry sand {UDZ) and tne uandisturbed DIRECT OURZE sany o Jwl . The namet L oal
suffix attacnad Lo aiqch material aosoraviatinn in Tidl> 3 Jenti .23 Sne capra-
sponding plotbed test Jata, Tavls £ 1i3t3 tne tost [dent 7 i~ah.on, 34mple
materiil i{dentifircation, tne inisi3il densitns, po3bt-523% moistuarcs oongent,

TAXITUM volumabrie sbralin abttaline Yeing 2atn 2vle, anl peomarent Mmoathlon

it tne 2nd of tne cyale for 2120 3pelimen. TR perTanent 20npantion 13 hne
level of volametria strain taab cemai~g after Lne ~onfining stress o tas
3ample nas been ramoved,

T7e most prominent fear.are of tne oy2lel avitostit i~ conpression teshs
tae adrapt 2nange of 31ope in tne contining pressara-volmeb-oio shoain 2anue

N1 L2 linear nabarce Lneraifter e pabn boe fenalded o li3 333l ime 30

ind the remolded TAREZS-Dry sand (Plates -, The N e
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benavior at a volumatric strain of approximately 17-13% and tne RDC at approx-
imately 13-20%. The s3lope of tnh2 linear portion of tne curve s similar for
both materiils. This type of strain response sulzZests that the cnange in
3lope occurs at tne point wWhere most of the intergranular air voids have been
reduced in size by compaction and the sample has become fully saturated. The
confining stress is thereafter supported not only oy the grain strengtn, out
also oy tne pore fluid pressure. The magnitude and linearity of tne slope
tends to support this interpretation. 3imilar dehavior is seen in the nydro-
static portion of the triaxial compression tests.

The abrupt transition in the volumetric strain response (s not ooserved
for the undisturbed CARES-Dry and DIRECT COURSE materials. Instead, a con-
tinuous cnange in slope is observed, even as peak confining stresses are
approached, The difference in benavior may e due to the lower moisture
content of the undisturbed CARES-Dry specimens and the hnigner void ratio of
the undisturbed Wnite Sands specimens, and neither of the undisturped mater-
ials appear to have reacned full saturation.

RDC and UWS sands have the largest volumetric strains and permanent
compactions. Volumetric strains were the smallest for UDC, which is related
to tne higner Jdry density. Botn of tne r=molded material types exhibit less
variability than tne undisturbed core, The group averages of the maximum
volumetric strains and permanent compactions attained during each cycle were
computed for the four material types and are reported in Table 5 as tne mean
value. The mean values are plotted against confining pressures in Figures 8-
9. The plots illusctrate the general compressive properties of the four mater-
ial types and indiecate that for all four naterials tne vold spaces compress
rapidly from approximatealy 2 to 190 MPa confining stress, probadly de2coming
filled wWitn pore fluid or rearrangel and/os>r cruashed Zranulis part.ies. is
tne hydrostiariz 1oad i3 increased from 103 Lo 400 MPa, tnae Mmat~ix H20y123 nore
tightly packel and tnere (35 an incre2asingly stiffer r23pinse, The rcemoloed

specimens iare 3stiffer tnan tne uniisturosi specimens 1t 1l

Ner 2onringag

ey

3tresses dus Lo satuaration, Permanant 2ompactions ar2 nedarly i35 Lirge ia tnaw
volumetric 3strains 1t eacn cycle2, indiciting tnit the granilir framewor<
progressively destroyed or inelistically aitered,

So0me Anoamdllduld Denivior 18 obsurved 1n Lh2 Ay IrashaAtic lompreossion Lot

UW33 (Plate 11). During tne 2y2le from 20) MPA4 T o0 307235 1) o1 Sne a0

MPa cycle, thne confining prossure-volametrio 327110 urve SN0H3 dndape Yl
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Fiqure 9. Mean permanent compaction from cycled hydrostatic compression RS
data 1n Table 5.
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strain reversals. At several points on the curve, the volumetric strain
increases as the confining stress decreases, and on the 400 MPa cycle, the
volumetric strain decreases as the confining stress increases. This bdehavior
may be attributable to placement of the radial strain transducers on locally
deforming areas of the specimen where large grains of gravel may have shifted
under the transducer contacts, causing irregular strain measurements. Alterna-
tively, the axial strain transducers may have been affected by skewed endeap

deflection caused by irregular specimen deformation.

5.3 CYCLED UNIAXIAL STRAIN TESTS.

The cycled uniaxial strain test results are summarized in Table 6, and
for each test the data are graphically illustrated by four plots (Plates 12-
59). The four plots present axial stress versus axial sbtrain, principal
3tress difference versus principal strain difference, principal stress differ-
ence vaersus mean normal stress, and confining pressure versus the volumetric
strain. Plates 12-23, 24-35, 36-47 and 48-59 are the respective plots of the
test data for the NV, RDC, UDC and UWS materials. The numerical suffix attacnh-
ed to the material abbreviation in Table 6 identifies the corresponding plot-
ted test data.

Table 6 lists the test specimen, the initial density, post-test moisture
content, the constrained secant moduli at 50, 100, 200, 300 and 400 MPa axial
stress, the equivalent shear moduli at 20 and 40 MPa principal stress differ-
ence for the NV samples, at 20 MPa for the RDC samples, and at 50 and 100 MPa

for the undisturbed samples, the stress ratio, K and Poisson's ratio, v. X

O’
and v were calculated for the first cycle to 50 MPa confining pressure.

0]

The constrained modulus, 01/5A,

secant on the axial stress versus axial strain plot. An equivalent 3shear

was calculated from the slope of the

modulus for uniaxial strain conditions, G = 1/2 od/eA,

plot of principal stress difference versus principal strain difference where

was calculated from the

the principal strain difference i3 EA ~ ET and ET = 0. KO, tne ratio of

norizontal to vertical stress, and Poisson's ratio, v, were calculated from

the plot of principal stress difference versus mean normal stress using the

following equations:
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Principal Stress Difference 04 = 0, - 03

Mean Normal Stress o = (c1 + 203)/3

Slope of Curve X = cd/am

Ratio of Stress KO = 03/01 = (3-x)/(3+2x)
Poisson's Ratio v o= KO/(KO+1)

An equivalent bulk modulus for uniaxial strain conditions, K, was calcu-

lated using the following equation:
Bulk Modulus K =o0/¢, = (od/sA)/(od/cm)
The bulk moduli are reported at the end of Test Results section in Table 8.

The constrained moduli are 1larger and more uniform for tne remolded
specimens than for the undisturbed specimens. At 50 MPa, the respective
averages and standard deviations are 1030 MPa and 104 for NV, 940 MPa and 191
for RDC, 1010 MPa and 236 for UDC, and 780 MPa and 26 for UWS. For axial
stress above 50 MPa, the remolded samples behaved similarly. The constrained
moduli are uniform from 100 to 400 MPa and the respective averages are 43.4
and 48.1 GPa and the standard deviations are 14 and 13 GPa for NV and RDC.

The undisturbed samples have greater variation. The averages for 100 MPa
are 1800 and 1560 MPa with standard deviations of 660 and 330 for UDC and UWS,
respectively. For 200 MPa, the averages and standard deviations are 4460 MPa
and 1500 for UDC and 3480 MPa and 1140 for UDC. The averages for 300 MPa are
7490 MPa witn a standard deviation of 990 MPa for UDC and 3140 MPa witn a
standard deviation of 2450 MPa for UWS. One specimen from UDC (UDC1, Table o)
did not reach 300 MPa. Tnere are no averages for the UDC and UWS samples at
400 MPa.

The shear modull are uniform within eacn material group. The shear modull
for the NV samples were calculated at 20 and 40 MPa principal stress differ-
ence and at 20 MPa for tne RDC samples. At 20 MPa, the NV material nas an
average of 177 MPa with a standard deviation of 11.5, and at 40 MPa, the
average i3 1360 MPa with a standard deviation of 377.2. The averag2 value at
20 MPa for RDC is 240 MPa with a standard deviation of 55.7. The averagzes for
the undisturbed specimens at 50 MPa are U457 and 357 MPa with standard devia-
tions of 247 and 64.3 for UDC and UW5, respectively. The respeative averages
for UDC and UW3S at 100 MPa are 917 and 947 MPa with standard deviations of
521.8 and 514 MPa.
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KO, the ratio of horizontal to vertical stress, was determined as previ-
ously explained, for the first uniaxial 3train cyecle to 50 MPa confining
pressure., The averages and standard deviations of K, are 0.41 and 0.021, 0.5
and 0.01, 0.48 and 0.028, and 0.56 and 0.056 for NV, RDC, UDC and UWS, respec-
tively.

The average values for Poisson's ratio are 0.29, 0.34, 0.32, and 0.36
with standard deviations of 0.011, 0.006, 0.007 and 0.026 for NV, RDC, UDC and
UWS, respechively.

Examination of the stress difference versus mean normal shress piot3
reveals marked differences in stress difference levels acnieved by the undis-
turbed and remolded test specimens. The deviatoric 3tresges are larger,
although more variable, in the undisturbed samples. Tnis same trend was
observed in the triaxial coapression tests, and is conaistent with the inter-
pretation that the remolded samples became fully saturated during compression.

Uniaxial strain test No. RDC2 indicates a negative stress in tne axial
stress-axial strain plot (Plate 28) which may be construed as a negative
deviatoric stress (extensional stress state). The test equipment used for the
uniaxial strain tests is not capable of producing extensional forces, and it
is sugpected that a voltage offset in tne deviatoric load transducer occarred
during the test. The voltage offset was likely due Lo technizian error, since
subsequent load transducer calibrations and test data did not reveal any

further measurement errors.

5.4 TRIAXIAL COMPRESSION TzSTs.

The triaxial compression test Jdata are presented grapni~ally by two plobs
for each test in Plates 60-85, and the resualts are summarized in Tanle 7. The
firat plot i3 for tne data acquired during tne hvdrostatis loading poetiorn of
the test, and displays tne confining pregsws» versas ths axial, ~aiiil ind tne
volumetric strain. The second pilot 13 for tne faba 1~gquicad faring d=viatonio
loading, Aand 3how3 stress differenre varsia tne average axii. arnd ~uliil
strains.

lates 60-55, A6-71, T2-77 and TB-3H 17= the »ospastive piohks oF tne N7,

RDC, UDT and UWS triaxial compresgiton test 14ta, The nameri~al suf©ix a%haoh-

ed to the material abbreviabion in Tavle 7 12nblifies tne oorecespont g plst -
ted Lest data, Table 7 113ty the initid4l sampie tensity, po3sb-test molshoee
content, 2onfining stress, TaAxitwum voLam=boio 5L 407 feonw v itosh o o
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pression, maximum dJeviatoric 3tress at falilure, 3ecant Young's modulus, andg r:q‘
7.7
the strain ratio, eT/eA. The maximum d2viatoric stress W4as3 Laken £o 2e tne
. ™
peak stres3 difference at failure, or when the limits of tne transducers were .ﬁn'
reached. The bulx moduali obtained from the hydrostatic portion of each test -}f}
A,
are given in Table 8 following this section. o
Ly
, - . . . . &
Thne maximum volumetric strains wWere obtained from the peak hydrostatic bl
load portion of eacn test and are similar to those obtained from the cycled e
nydrostatic compression tests at similar confining pressures. Deviatoric t:t
failare stresses, Young's moduli and the strain ratios were determined from o
the triaxial portion of the test. Young's modulus s calculated from the T

3secant in the first linear portion of the 3tress difference versus axial
strain curve plotted from the triaxial compression portion of the test. The
average values for Young's modulus are 3963, 2296, 2813, and 1693 MP. 4itn
standard deviations of 1239, 315, 1929 and 8312 MPa for NV, RDC, UDC and UWS,
respectively.

The strain rabtio was calculated using the corresponding linear portion of
the stress difference versus radial strain and axial strain curves. The aver-

4g= values and standard deviations for thne material groups are: 0.31 and

D.065 for NV, 0.44 and 0.080 for RDC, 0.25 and 0.095 for UDC, and 0.28 and
0.074 for UWS.

The 3shear strength of the remolded soils does not appear to be signifi-
cantly affected by an increase in confining pres3ure once the confining stress
region that corresponds with the linear portion of the aydrostatiz stresg
QuUrve nas been reacned., This i3 consistent with full saturation of the pora
3pace and subsequent benavior according to tne effective 3stress law, In tn»
algner 3tress-strain regzions, tne effeclive 3%re3s should be [noreysing much

more 3lowly than total 3tress, =2nd the snear 3trength should wnarefore 2o 0Ly

minimally dependent an tne confining pre3sure.

Tae undisturbed 3pecimens hLeond Lo nave 1 nigner 3neas strengtn Snan Sns

~emolided 3pelimensg, bat tney 1150 exninib greater varianpility.

.- ‘.

@

5.5 SUMMARY OF 3ULK MODULI ZOMPILED FRIM ROUTINE MEHANI AL T=:3T:, NABN
\'.\ Y

The 01lk modaii ~al~alated from tne rouatine meocnani~ial Leshy arte ~onp, e “\f\
RON

in Tabla 9. The Dual«< moduii L17or2a30d 13 Bl ~onfoning pressate [ mreaso s, SN
SN

S0me 3ampied in the RDI grouap roaoned peik modarl o val e 4t TJ0 MT o ot ining S )
. . ®

pressare, Whi.e most obner 3amples pRi<el 4t 200 MPa, Tl Dul< mod il T oo -
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undisturbed samples remained quite low at nigh confining pressure compared to

the remolded samples.

5.5 STRAIN PATH TESTS.

Strain path data are graphically presented by four plots for each test
(Plates 86-273), which show radial versus axial strain, principal stress
difference versus mean normal stress, principal stress difference versus
principal strain difference, and volumetric strain versus principal strain
difference. lates 86-149, 150-197, 198-241, and 242-273 are the respective
plots of the NV, RDC, UDC and UWS strain path data. Table 9 lists the sample
identification, density and post-test moisture contents for the strain patn
test specimens.

The first plot mentioned, radial versus axial strain, shows tne strain
path actually followed by the sample. The dashed line in the radial versus
axial strain plots is the intended strain path and the solid line [ndinates
the path that was actually followed. The initial hydrostatic preload is not
3hown on the plot and the zero strain point was taken to be the start of the
strain path test, The remaining plots include data from the stress-strain
response of the sample during the hydrostatic preload. The peginning of the
hydrostatic preload is marked as point A. The end of the preload and the
beginning of the strain patnh loading is denoted as point B.

Hydrostatic preloads were generally between 5.8 MPa and 7.0 MPa. The
preload stresses were applied to create an initial volumetric strain in order
Lo store enougn 3train energzy to allow tne strain paths to be followed into
the region of radial strain reversal. Larger preload stresses were appiied to
specimens that initially had small volumetric strain responses.

Despite the initial nydrostatic preloads, straia patns 28 and 23 could
not be followed to completion. The principal stress difference or confining
pressare 3lWays became zero before the strain path traverse reached tne point
of ridial strain reversal. Tnera 4as not enough elastic s3train enerzy Lo
alinw tha gpecimen to repound 3urriciﬂnbly.u Complation of the strain patn
traverse wnuld have required tnhe specimens Lo be sadjeoted Lo tensile stres-

3es, Fewer Jifficulties were ancountered in follnwing strain patas 38 and 3C;

4, Akers, S.A.; "Axisymmetri~ Strain-Patn and Stress-fitn Tests dn CARES~Dry
Slayey 2and,”" Teennical Report 2L,-86-23, Saptamber 1984, J.S. Army Enzineer
' k 3
Waterways EZxpariment Stationn, Viexksbarg, MS, p. 49,
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Table 9. Identification, density and moisture contents for
strain path test specimens.
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Strain Test Specimen I.D. Density Post-Test
Path 1.D. [ Box #  Sampie # (g/cm3) | Moisture (%)
&

2A NV1 Remolded Sand 1.90 6.12
NV2 1.90 5.94
NV3 1.90 6.25
. NVY 1.90 5.35
2B NV1 Remolded Sand 1.90 5.86
NV2 1.90 5.43
NV3 1.90 5.33
NVY 1.90 4,93
3A NV1 Remolded Sand 1.90 6.61
NV2 1.90 5.65
NV3 1.92 5.88
NvVy 1.91 . 5.90
3C NV Remolded Sand 1.91 5.87
NV2 1.90 6.30
NV3 1.91 6.27
Nvu 1.90 5.25
2A RDC1 Remolded Sand 1.91 5.80
RDC2 1.91 5.53
RDC3 1.91 5.96
2B RDC1 Remolded Sand 1.92 1.90
RDC2 1.90 5.17
s 3A RDC 1 Remolded Sand 1.90 5.27
; RDC2 1.90 5.38
] RDC3 1.90 5.45
' RDCY 1.90 5.38
3C RDC1 Remolded Sand 1.90 5.30
RDC2 1.90 5.63
RDC3 1.88 5.49

NV -~ Remolded Nellis Valley Baseline Sand, Nellis Air Force

Range, Nevada
RDC ~ Remolded CARES-Dry Sand, Luke Bombing and Gunnery Range,

Arizona
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Table 9. Identification, density and moisture contents for
strain path test specimens (continued).
Strain Test Specimen I1.D. Density Post-Test

Path 1.D Box # Sample # (g/cm”) Moisture (%)

2A ubDC1 15 2 1.76 0.91
upC2 17 5 1.71 1.00
JDC3 15 y 1.84 0.85

2B ubC? 16 4 1.81 2.07
upce 18 1 1.92 3.55

3A ubCi 17 1 1.89 1.92
unc2 17 2 1.96 1.45
UDC3 17 4 1.95 0.96

3C uDC1 15 1 1.94 2.16
ubc2 15 3 1.96 1.19
Uupc3 16 2 1.82 0.63

2A UWS1 17 1 1.99 3.62
UWsS2 1 3 1.68 12.93
UWS3 2 1 * ¥

2B UWS1 6 5 1.90 9.70

3A UWST 2 4 1.91 6.58
UWS2 2 3 1.79 8.26
UWS3 3 3 1.72 12.37

iC UWS1 6 1 1.96 5.64

*Data unavailable

UDC - Undisturbed CARES-Dry Sand, Luke Bombing and Gunnery Range,

Arizona.

UWS -

.ndisturbed
New Mexico.

N -\ . n\ l.
NN AR AT

DIRECT COURSE Sand, White Sands Missile Range,
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only three tests could not pe followed U zomplation. Tasts LV 32, UUIV 4,
and UWS!1 3C were tne only type 3 strain patn tests tnitl «2re ot 2ompletaly
traversed.

Results of the strain path tests show a 3uaalitative consistenzy amon
four material types, and the magnitudes of the 3atresses and 3.7°ain3 are o
ally similar from sample to sample Within eacn material groudp. Tne Hellls
Baseline sand displays the stiffest response, requiring grsater daviatoric
loads to follow the desired strain patns, whicnh may e e2xplained oy tne larger
Young's moduli for the material, as determined [{rom thne triaxial compr2ssion
tests. In tne type 2 strain patn tests, plots of tne principal s3iress differ-
ence versus tne principal strain difference snow a characteristic pattern in
tne NV sand response. In potn 2A and 2B strain patas, tne sp=2imens strain

very little {1-2% strain difference; during loading to a stress difference of

-

5 to 7 MPa, followed by increased snear strain with minimal additional Load.

The RDC, UDC, and UWS materials behave similar to eacn other in tn= type
2 strain path tests, dut unlixe the NV samples, the principal stress differ-
ence versus principal strain difference curves are nearly linear for almost
tne entire loading portion of the test. The stress-strain responses ars
similar among the tnree groups, altnougn the UDC nas a 31l.ghtly stiffer re-
sponse than the RDC material.

Greater variability, botn among and between Zroups, is seen in the tLype 3
strain pata tests, althougn the overall results are similar to tn2 type 2
3traln patas. The NV material is generally stiffer than tne others, and e

UDC nas a great2r stress response than the RDC,
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SAMPLE HANDLING INSTRUCTIONS FOR UNDISTURBED
CARES-DRY AND DIRECT COURSE MATERIAL

Cut tne bdox and foam rubber from around the sample to remove it from the
box. Pulling the sample from the box may damage it.

Re-tape the box for storage of the remaining samples.

Freeze the samples before attempting to remove the aluminum foil and wood
packers.

To remove the wood packers:

a)

b)

c)
d)

e)

NOTE:

Turn the sample upside down in order to remove the base packer first,

Unfold the portion of the membrane which was folded over the rubber
bands.

Carefully cut the membrane where tne packer and sample meet.
Place the base on the sample and turn the sample upright.

Repeat 3teps b and ¢ and place the top cap on the sample.

It i3 recommended that the membrane not be completely removed from the
sample. Removal could result in material falling off.

1.

Memo from James D. Cargil=s, March, 1983.
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UNDISTURBED CARES-DRY (UDC) CORE SAMPLES T
=%
Box Sample Boring Depth (meters) s
Number Number Number From To
15 1 23 5.1 5.2 S
15 2 17 5.4 5.6 o
b
15 3 45 26.0 26.1 "
15 4 43 26.3 24,4 ::::.
SRS
16 2 43 4.6 4.8 ot
16 4 42 20.2 20.4 s
e
17 1 45 17.3 17.4 e
17 2 21 5.1 5.2 ¢
17 4 26 20.1 20.2 3
17 5 33 26.3 26.5 '3
)
18 1 21 20.0 20.1 e
18 5 15 4.3 4.y A
e
19 2 40 20.3 20.4 RN
ALY
1 U1 . . A
9 5 21.2 27.3 o
> : 41 27.3 27.7 )
21 2 32 26.3 26.4 o
21 3 32 26.4 26.5 .
22 3 23 18.6 18.3
22 3 38 27.9 28.1
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